By using electrospray ionization mass spectrometry (ESI-MS), protein complexes of cytochrome c with amino acids were studied. Different amino acids were investigated to explore these complexes. Using these amino acids, a strategy for probing the structure of cytochrome c was established. It was found that L-Arg and L-Glu could bind with cytochrome c to form noncovalent complexes. At low pH solution, complexes between the cytochrome c molecule with several L-Arg molecules (multiple L-Arg adducts) were formed, and the number of binding ligands depended on the charge state of cytochrome c. While in neutral solution, the cytochrome c molecule complexed with only one L-Arg molecule (single L-Arg adducts). As for L-Glu, only single L-Glu adducts were formed in both acidic and neutral solutions. (J Am
S ince the pioneering introduction and development of ESI-MS and matrix-assisted laser desorption/ ionization MS (MALDI-MS) by Fenn's group [1] and
Karas's group [2] , respectively, MS has been playing an increasingly important role in biological, biochemical, and biomedical research. With the most important characteristic of soft ionization, both ESI and MALDI allowed MS to be applied to analyze noncovalent complexes. Therefore, using ESI-and MALDI-MS, it has become possible to determine protein folding, characterize noncovalent protein complexes, and assess the contribution of an individual amino acid residue to a protein function.
The biological function of a protein depends directly on its noncovalent interactions with other components existing in the living system. Investigating these nonvovalent interactions is an important step to unraveling the mysteries of cellular function in health and disease states [3] [4] [5] .
Over the last few years, the dramatically growing number of research articles studying the protein complexes by MS indicates that the instrument has become an important technology in this field because of its unrivaled speed, sensitivity, stoichiometry, and low sample consumption [6 -27] . MS has been used to probe the interactions of proteins with inhibitors, cofactors, metal ions, carbohydrates, other peptides and proteins, enzyme-substrate pairings, and nucleic acid complexes [6 -27] .
Previous studies have used acidic or basic small molecules to probe the basic or acidic amino acid residues of a wide variety of oligopeptides or proteins by counting the number of small molecules bound to the analytes [28 -31] . However, using this method would reduce the ionization capability of the resulting complexes, which in turn may result in lower detection sensitivity by MS. Furthermore, the identification of these noncovalent complexes might become difficult due to the reducing of the number of ion charge states. These drawbacks can be solved by using amino acids as the probing small molecules. Although several protein/ peptide complexes have been studied before [32] , to the best of our knowledge, protein/amino acid ligand complexes have never been reported. In this article, by using ESI-MS, we studied complexes of cytochrome c with amino acid ligands.
Experimental

Apparatus and Reagents
The Mariner electrospray time-of-flight mass spectrometry (Applied Biosystems, Framingham, Boston, MA) was utilized in all MS experiments. A micro-electro-spray source was used. The ionspray voltage was 3800 V and the nozzle potential was 80 V. The data were acquired by Mariner instrument control panel for positive ion mode from 100 to 4000 Da, and analyzed by Data Explorer software. The instrument was calibrated with PEG-800 solution. The samples were injected at a flow rate of 5 l/min using a syringe pump.
Horse heart cytochrome c was purchased from Sigma (St. Louis, MO). Amino acids were purchased from Shanghai Boao Institute of Science and Technology (People's Republic of China) as analytical pure reagents.
The noncovalent complexes were prepared by mixing cytochrome c and amino acids solutions at a final concentration of 1.0 ϫ 10 Ϫ4 M for cytochrome c and a range from 3.0 ϫ 10 Ϫ4 to 3.0 ϫ 10 Ϫ5 M for amino acids.
Results and Discussion
Optimization of the Solution Conditions
Different added amounts of methanol to neutral mixtures solutions were investigated. We found that by using 15% methanol, complexes of cytochrome c with L-Arg produced the best sensitivity without significantly shifting the charge states (data not shown). Therefore, this percentage of methanol was used for all experiments. Next, we studied the effect of the L-Arg concentrations on the signal intensities of the resulted complexes. L-Arg concentrations range from 3.0 ϫ 10 Ϫ4 to 3.0 ϫ 10 Ϫ5 M at a fixed cytochrome c concentration of 1.0 ϫ 10 Ϫ4 M were investigated. Increasing the concentration of L-Arg up to 1.5 ϫ 10 Ϫ4 M resulted in increasing the intensities of these complexes due to the equilibrium of the noncovalent interaction. However, at L-Arg concentrations higher than 1.5 ϫ 10 Ϫ4 M, the intensities of these complexes decreased because of the following possible two reasons: (1) The competition between these complexes and other compounds on protonation; (2) higher ionic strength which limited the ionizations of these complexes. Therefore, L-Arg concentration of 1.5 ϫ 10 Ϫ4 M was selected as the optimized one for all the experiments.
Because of its importance, the effect of changing the pH of the complexes solutions was also investigated. Accurate adjusting of the pH of these solutions was very difficult as no buffer was added. With and without the addition of acetic acid, the pH of these complex solutions were 2.5 and 5.5, respectively, and these two solutions were used for the further investigations.
Characterization of Protein/Amino Acid Complexes
Three groups of amino acids, including three basic amino acids: L-Arg, L-Lys and L-His, three neutral amino acids: L-Try, L-Tyr and L-Phe, and one acidic amino acid: L-Glu, were selected to probe the characteristics of cytochrome c complexes at the optimized ESI and solution conditions. Among the studied amino acids, only L-Arg and L-Glu could form noncovalent complexes in solutions with (pH ϭ 2.5) and without (pH ϭ 5.5) the addition of acetic acid. While using other amino acids as probing molecules, noncovalent complexes were not formed in both solutions.
As shown in Figure 1 , ESI of the cytochrome c/L-Arg complexes at pH 5.5 generated a distribution of charge states from ϩ5 to ϩ13. Three distinct charge states (ϩ5, ϩ6, and ϩ7) gave the highest intensity signals. Only single L-Arg adducts could be identified at the charge states from ϩ5 to ϩ9. The charge states distribution indicates that most cytochrome c molecules adopted a folding conformation very close to the native conformation [32] [33] [34] [35] [36] . The spherical shape of the native conformation of cytochrome c would limit the number of acidic amino acid residues available to interact with L-Arg. It should be noted that the other peaks that were produced by impurities were not assigned in Figure 1 .
ESI of the cytochrome c/L-Arg complexes at pH 2.5 generated a distribution of charge states from ϩ6 to ϩ18, with the highest intensity at the charge state of ϩ14 (Figure 2 ). Cytochrome c contains 104 amino acid residues (including 12 acidic amino acids and 22 basic amino acids) with a covalently attached heme group. Below pH 4, cytochrome c denatures [32] [33] [34] [35] [36] , therefore, at pH 2.5 cytochrome c is expected to present a more extended conformation. For the charge states range from ϩ10 to ϩ12, only single adducts were identified. However, multiple adducts were identified for charge states ranged from ϩ6 to ϩ9. As the charge number increased, the number of bound L-Arg ligands decreased. At the high charge state of cytochrome c, it is most likely that the electrostatic repulsion limited the number of L-Arg ligands bound to the acidic amino acid residues. For the charge state of ϩ6, up to thirteen adducts (cytochrome c molecule complexed with 13 L-Arg molecules) could be identified. This result indi- cates that there are totally 13 acidic binding sites in cytochrome c available for interacting with the basic amino acid L-Arg. These 13 acidic binding sites are the 12 acidic amino acid resides and the C-terminal carboxyl group. So it can be concluded that cytochrome c presents a fully extended conformation in the acidic solution (pH 2.5).
Among the tested three basic amino acids of L-Arg, L-Lys, and L-His, only L-Arg could form noncovalent complexes with cytochrome c. This may be explained as L-Arg has a carbamidine analogical group that can form not only ionic interaction but also hydrogen bond at the interaction sites with cytochrome c. Besides its ionic interaction site, L-His can theoretically also form hydrogen bond, but the pentacycle may increase the steric repulsion and therefore, its amide protons would become unavailable. L-Lys has no ability to form hydrogen bond. Therefore, the ability of L-Arg to form hydrogen bond seems to be important to strengthen and stabilize its noncovalent complexes with cytochrome c. In addition, the gas phase basicities (GB) of the amino acids L-Arg, L-Lys, and L-His are 233.8, 226.0, and 219.5 kcal/mol, respectively [37] . It is expected that the higher GB value of an amino acid is, the stronger the ionic attraction force between these basic amino acids and the acidic amino acid resides in the cytochrome c.
The acidic amino acid probe L-Glu could also form complexes with cytochrome c. ESI of cytochrome c/LGlu complexes without acetic acid (pH ϭ 5.5) generated a distribution of charge states from ϩ6 to ϩ10, with ϩ8 giving the highest intensity. Only single L-Glu adducts were identified for charge states ranged from ϩ6 to ϩ8. After the addition of acetic acid (pH ϭ 2.5), charge states shifted from lower to higher charge numbers, with ϩ16 and ϩ15 giving the highest intensity. However, similar to the results obtained at pH 5.5, only single L-Glu adducts were formed at the charge states ranging from ϩ6 to ϩ8. These results may be explained by the following. First, as we discussed earlier, only L-Arg has ionic as well as hydrogen bond interaction sites which make it able to form stable complexes with other amino acids. It is expected, therefore, that L-Arg residue as well would form stable complexes with L-Glu. Second, cytochrome c has two Arg residues (Arg38 and Arg91). However, there are two acidic amino acid residues presented in both sides of Arg91 that may limit the binding of L-Glu to Arg91 residue due to the electrostatic repulsion. This might explain why only single L-Glu adducts were formed with cytochrome c in both acidic and neutral solutions.
The three neutral amino acids L-Try, L-Tyr, and L-Phe failed to form any complex with cytochrome c most probably due to the lack of the ionic attraction between the protein and these amino acids.
Considering the pI values of amino acids may also help to explain the reason why cytochrome c formed complexes only with L-Arg and L-Glu. The pI values of the amino acids used in this study are as follows: Arg ϭ 10.76, His ϭ 7.59, Lys ϭ 9.74, Try ϭ 5.89, Tyr ϭ 5.66, Phe ϭ 5.48, and Glu ϭ 3.22. It is obvious that cytochrome c formed complexes only with the two amino acids that have the highest and the lowest pI values among the studied group. These two amino acids, L-Arg and L-Glu, are expected to have strong ionic attractions with their partners of the amino acid residues of cytochrome c.
All together, our results indicate that to form a stable complex, there should be a strong ionic attraction and an ability to form a hydrogen bond between the amino acid residues of the protein and the amino acid probes. It should be mentioned that the complementing shapes between the protein and the amino acid probes could favor the formation of certain noncovalent complexes over the others. 
